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We report the first characterization of a segmentation gene homologue in the basal polychaete Capitella capitata using a
pan-annelid cross-species antibody to the hunchback-like gene product. In flies, the gap segmentation gene hunchback (hb)
encodes a C2H2 zinc-finger transcription factor that plays a pivotal role in patterning the anterior region of the fly body plan.
he hb orthologue in Capitella (Cc-hb) is expressed maternally and in all micromere and macromere cells throughout
leavage. At gastrulation, nuclear Cc-hb protein is expressed in the micromere-derived surface epithelium that undergoes
piboly and in the large vegetal blastomeres that gradually become internalized. During organogensis, Cc-hb is expressed in
he developing gut epithelium, the prostomial and pygidial epithelium, and in a subset of differentiated neurons in the adult
entral nervous system. Cc-hb is not expressed in the segmental precursor cells in the trunk. The Cc-hb expression domains
n Capitella are similar to those reported for the leech hb orthologue (LZF2), and many of the observed differences between
he annelid classes correlate with changes in life history. The lack of detectable annelid hb protein in the trunk at the time
f AP pattern formation in leech and in polychaete suggests that the anterior organizing function of hb in flies originated
n the arthropod or insect lineage. © 2001 Academic Press
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The segmentation gene hunchback (hb) is a developmen-
tal regulatory gene that plays a pivotal role in the antero-
posterior (AP) pattern formation in Drosophila. hb encodes
a zinc-finger transcription factor (Lehman and No´sslein-
olhard, 1987; Tautz et al., 1987; Ho´lskamp et al., 1990)
whose differential expression along the AP axis establishes
the thoracic and abdominal pattern of the fly embryo
(Struhl et al., 1992). At the blastoderm stage, transcriptional
activation of hb by the bicoid protein at the anterior pole
(Simpson-Brose et al., 1994; Wimmer et al., 2000) and the
ranslational repression by the nanos and pumilio proteins
t the posterior pole (Murata and Warton, 1995) generate a
radient of hb protein. The hb gradient, in turn, regulates
he zygotic expression of other segmentation genes and the
ox genes that are known to specify regional identity along
he AP axis. Expression of hb orthologs in insects suggests
hat its role in AP patterning is conserved despite different
odes of embryogenesis (Rohr et al., 1999), but the factors
regulating hb transcription differ between orders (Wolff et
al., 1995, 1998).
1 To whom correspondence should be addressed. Fax: (413) 597-
3495. E-mail: rsavage@williams.edu.
476hb plays additional roles which are independent of its
most celebrated AP function early in embryogenesis. hb is
involved in the patterning of the central nervous system,
the peripheral nervous system, and the extraembryonic
epithelial tissues in insects (Wolff et al., 1995; Rohr et al.,
1999; Kambadur et al., 1998; Tautz, personal communica-
tion). hb RNA is also present during oogenesis. These
additional roles may either represent the recruitment of hb
into other regulatory circuits, or they may represent widely
conserved roles common to other triploblastic animals. The
diverse spatio-temporal expression patterns in Drosophila,
therefore, may provide a basis for meaningful comparisons
to discern the evolution of hb function between closely
related species.
What is the function of hb in other noninsect ecdysozo-
ans? The only other hb ortholog that has been characterized
in detail is the hbl-1 in Caenorhabditis elegans. Fay and
colleagues (1999) determined that hbl-1 is not essential for
early AP patterning but is required for normal morphogen-
esis for late embryonic and postembryonic development.
Hbl-1 is not expressed in an AP gradient at any time, there
is no maternal expression domain, and it is not expressed
during early AP patterning events. However hbl-1 is ex-
pressed in diverse tissues derived from different germ lay-
ers, including the hypodermal precursor cells, the ventral
0012-1606/01 $35.00
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477A Polychaete hunchback Ortholognerve cord, and the gut epithelium. The characterization of
hb orthologs from groups more closely related to either
insects or nematodes are necessary to determine whether
they share similar biological roles.
A number of orthologs to the fly segmentation genes have
been characterized in leech, including the ortholog to the
fly gap gene hb. The expression domains of the leech
hunchback Leech Zinc Finger II (LZF2) revealed that the
protein product of LZF2 is expressed in micromere cells and
their derivatives, such as the provisional epithelium and
the prostomium (Savage and Shankland, 1996; Iwasa et al.,
000). Unlike its insectan counterpart, LZF2 is not ex-
ressed at detectable levels in the segmented trunk of the
eech nor as an AP gradient in any other tissue. Expression
ata collected from other segmentation gene orthologs in
eech such as nanos and engrailed suggest that, if these
rthologs function during annelid segmentation, then they
re doing so in a very different manner (Pilon and Weisblat,
997; Shain et al., 1998).
Most of what is known about the cellular mechanisms of
nnelid embryonic patterning is best understood in leech
Weisblat and Shankland, 1985; Irvine and Martindale,
996; Weisblat et al., 1999; Shain et al., 2000; Shankland
nd Seaver, 2000). The annelid phylum consists of two
ajor taxa: the Clitellata, consisting of the Oligochaeta and
he Hirudinea, or leeches, and the Polychaeta, the basal
lass of segmented marine worms. Leeches possess several
evelopmental synapomorphies; most notably, they are
irect-developers that generate their segmented trunk in
he posterior region through teloblastic growth.
olychaetes are thought to occupy the basal position within
he Annelida and therefore their developmental mecha-
isms of pattern formation are likely to be ancestral to the
lade. Segments are added sequentially in the posterior
rowth zone by a stem cell population, but there are no
asily identifiable teloblast cells in polychaetes as there are
n leech.
To gain a better understanding of the function of hb in
he annelid phylum and to allow for meaningful interphyl-
tic comparison between the annelids and arthropods, we
haracterized the expression pattern of an ortholog of hb in
n ideal lab polychaete Capitella capitata. This study
epresents the first detailed expression analysis of a seg-
entation gene ortholog in polychaetes. We describe the
loning of a fragment of an ortholog of hb in Capitella
alled Cc-hb. We demonstrate that an antibody raised to the
ZF2 protein in leech is cross-species reactive to Cc-hb
rotein, and use this antibody to characterize the spatio-
emporal expression of Cc-hb throughout Capitella devel-
pment. We also compare the Cc-hb expression patterns
with those known from leech, dipteran insects, and nema-
todes. Together, the hb ortholog expression patterns in
annelids and nematodes suggest that they do not participate
in AP pattern formation in a way analogous to that of the hb
in flies.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Capitella sp. I Colonies
Capitella sp. I (Grassle and Grassle, 1976) were reared at 18°C in
finger bowls containing artificial sea water (ASW; Instant Ocean)
and frozen-thawed marine sediment collected from Woods Hole,
MA. For embryo collection, 10 males and 10 females were placed in
a finger bowl with ASW and mud. The “love shacks” were
monitored for the generation of brood tubes that can contain as
many as 250 embryos. Embryos were raised in and out of the tubes
in ASW.
Polymerase Chain Reaction (PCR)
Genomic DNA was extracted from 30 starved adult worms by
using DNAzol according to manufacturer instructions (Gibco/
BRL). A 177-bp fragment of Capitella hunchback (Cc-hb) was
solated by PCR amplification using degenerate primers. Amplifi-
ations were carried out with 1 mg of Capitella genomic DNA, 500
mg each primer, 0.2 mM each dNTP, 1 unit Taq polymerase
Roche), 13 Taq PCR Buffer, and an additional 2 mM MgCl2 in a
0-ml reaction. Cycling was 4 min at 95°C; 35 cycles of 30 s at 95°C,
30 s at 50°C, and 30 s at 72°C. Two 7-fold degenerate PCR primers,
Hb1 and Hb2, were synthesized to flank the highly conserved 59
zinc-finger domain. The fragment was excised from gel, subcloned
into Bluescript KS(1) (Stratagene), and sequenced commercially
(Keck Sequencing Facility, Yale University, New Haven, CT).
Primer sequences were as follows: Hb1, 59 AAACAYCAYYT-
NGARTAYCA; and Hb2, 59 ATATGRCARTAYTTNGTNGC.
Expression Plasmid Construction
The pET system (Novagen) was used to express the 177-bp
fragment of Cc-hb as a peptide. The proximal primer (GCACTG-
GATCCGATAAACACCATCTT) and the distal primer (AGTGC-
CTCGAGCATGGCAGTACTTGGT) contained restriction sites.
The Cc-hb fragment was subcloned into BamHI and XhoI sites of
he pET 30-a 1 expression plasmid fused to six histidine residues,
nd then into DH5a cells, followed by transformation into BL-21
DE3) cells (Novagen).
Fusion peptide expression and purification were carried out
ccording to manufacturer’s instructions (Novagen). IPTG induc-
ion of BL-21 cells transformed with the pET30a-6x-His-Cc-hb
onstruct led to the expression of the fusion peptide. The peptide
as purified from bacterial lysate under denaturing conditions (8 M
rea; 0.1 M NaH2PO4; 0.01 M Tris–Cl). The supernatant containing
olubilized protein was poured into a charged Ni-NTA purification
olumn. The eluted fraction containing the purified fusion-peptide
as used for Western blotting and affinity purification.
Western Blotting
Westerns and the generation of the leech LZF2 polyclonal
antibody are described in Iwasa et al. (2000). Samples of the Cc-hb
fusion peptide and of “LZF2 short,” a 128-amino-acid peptide
fragment of 59 zinc-finger domain of the leech hunchback gene
(LZF2) were electrophoresed by SDS–PAGE and transferred electro-
phoretically to a nitrocellulose membrane. Blots were blocked with
milk protein, incubated in a 103 dilution of affinity-purified LZF2
antiserum (Iwasa et al., 2000), washed, and hybridized in a 103dilution of horseradish peroxidase-linked anti-rabbit IgG secondary
s of reproduction in any form reserved.
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478 Werbrock et al.antibody (New England Biolabs). The peptide was visualized on
X-ray film by using chemiluminescent reagents.
Affinity-Purification of LZF2 Antiserum to
Cc-hb Peptide
LZF2 antiserum was affinity-purified to induced Cc-hb protein
immobilized on a nitrocellulose membrane. Cc-hb fusion-peptide
was electrophoresed by SDS–PAGE, transferred to nitrocellulose
membrane, and visualized with Ponceau-S. The band correspond-
ing to Cc-hb (approximately 13.5 kDa) was excised, washed,
incubated overnight at 4°C in 3% BSA in TPBS [0.05% Tween 20 in
PBS (7.4 mM Na2HPO4, 2.3 mM NaH2PO4, 150 mM NaCl)], and
washed overnight in TPBS. The membrane was incubated for 2 h in
0.1 ml of LZF2 antisera diluted 1:15 in PBS 1 3% BSA. The
antibodies bound to the Cc-hb peptide in the membrane were
eluted with 1 ml of 100 mM glycine, pH 2.5, and neutralized with
0.2 ml of 1 M Tris, pH 8.0.
Capitella Immunostaining
Immunocytochemistry was performed as described in Ber-
ezovskii and Shankland (1995). Capitella embryos were demem-
branated in a 1:1 solution of 1 M sucrose and 0.25 M sodium citrate
for 30 s (Render, 1983). Embryos and trochophores were fixed in 4%
formaldehyde in 50% Hepes-buffered saline (HBS) for 1 h and
washed in HBS. Hatched trochophores were treated in 100 ug/ml
Proteinase K for 1 min at 37°C followed by repeated washing in
cold HBS. Tissues were incubated overnight in a 1:50 dilution of
LZF2 affinity-purified antibody or a 1:10 dilution of Cc-hb affinity-
purified antibody, washed, and incubated 4 h or overnight in a
1:600 dilution of horeseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody. After washing, the embryos were
stained according to manufacturer’s instructions (Pierce Chemical
Company). The staining reaction was stopped by transferring tissue
to HBS 1 1 mg/ml Hoechst 33258 nucleic acid stain. Embryos were
mounted on slides in 80% glycerol.
RESULTS
Staging and Development of Capitella
In this report, we describe the early development of the
polychaete Capitella capitata sp. I (Grassle and Grassle,
976). Capitella are an ideal system for developmental
studies because they breed prolifically all year, they have a
short generation time (10 weeks from settlement to produc-
tion of an egg case), and their large eggs are amenable to
experimental manipulation. Egg cases contain as many as
250 embryos and can often be found resting on the sediment
surface. The embryos can be easily removed from the brood
tube with forceps and cultured in artificial seawater (ASW).
Capitella produce lecithotrophic trochophore larvae that
re competent to settle in mud and undergo metamorphosis
fter their release from the egg case.
We describe the development of Capitella sp. I using
tandard nomenclature applied to Spiralians (Wilson, 1898).
he staging system is summarized in Table 1 and illus-
rated schematically in Fig. 1. The timing of each stage
orresponds to the time after egg laying (AEL in hours at
Copyright © 2001 by Academic Press. All right3°C) to the beginning of a particular cell division or
orphological trait. The criterion for designating each stage
as based on identifying those traits that can be easily
isualized when viewing live embryos after removal from
he brood tube.
Stage 1: 1-cell embryo (0 h AEL). The first cell cycle
asts between 2 and 3 h from egg deposition to first
leavage. Capitella eggs are 250 mm in diameter and are
ncased in a transparent vitelline envelope. The length of
he first cell cycle is an estimate because females reside in
heir brood tubes and they can deposit their eggs at any
ime.
Stage 2: 2-cell embryo (2–3 h). First cleavage is asym-
etric resulting in a larger CD cell and a smaller AB cell.
Stage 3: 4-cell embryo (4 h). Following completion of
he first cleavage to the onset of second cleavage is 1 h.
ells AB and CD divide to produce cells A, B, C, and D. The
our cells are collectively known as macromeres. Each cell
an be identified by its cleavage pattern; the D macromere
s slightly larger than the remaining three macromeres.
Stage 4: 8-cell embryo (5.25 h). Each macromere divides
asymmetrically to produce a set of smaller micromere cells
that is located at the animal pole. The first quartet of
micromeres is labeled in lower case and corresponds to its
respective macromere origin (see Fig. 1, stage 4).
Stage 5: 16-cell embryo (7 h), and Stage 6: 32-cell embryo
(9 h). At fourth cleavage, the macromeres divide to pro-
duce the second quartet of micromeres, and the micromeres
of the first quartet divide equally to produce eight micro-
meres. At fifth cleavage, the macromeres divide to generate
the third quartet of micromeres, and the other micromere
TABLE 1
Development of Capitella capitata in Relation to Hours after Egg
aying (AEL) and Stage of Development
After egg laying
(AEL) in h
at 23°C
Stage
no. Description
0 1 1-cell embryo
2–3 h 2 2-cell embryo
4 3 4-cell embryo
5.25 4 8-cell embryo
7 5 16-cell embryo
9 6 32-cell embryo
14 7 64-cell-early blastula
24 8 Midgastrulation
28 9 Late gastrulation
36 10 Prototroch formation
54 11 Hatched trochophore
Yolk-filled sedentary larvae
71 12 Hovering trochophore; they move
slowly along bottom of dish
95 (4 days) 13 Lecithotrophic larvae
168 (7 days) 14 Settlement and metamorphosisquartets divide to form the 32-cell embryo.
s of reproduction in any form reserved.
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479A Polychaete hunchback OrthologStage 7: 64-cell embryo (14 h). The sixth cleavage gives
rise to the 64-cell embryo and marks the initiation of
blastula stage embryo. Capitella embryos are packed
ensely with yolk and form a stereoblastula or a solid ball of
lastomeres.
Stage 8: Midgastrulation (24 h). Stereoblastula embryos
ndergo gastrulation by epiboly. The ectoderm cells at the
nimal pole proliferate and eventually surround the large,
olk-filled endoderm cells located at the vegetal pole. There
s little, if any, invagination by the endodermal cells. The
ite of the blastopore is marked by a slight invagination on
he prospective ventral side of the embryo.
Stage 9: Late gastrulation (28 h). Epiboly is complete at
his time and the blastopore is visible as a small invagina-
ion near the center of the embryo. The larval epithelium
FIG. 1. Schematic overview of Capitella capitata from egg deposi
left in stages 9–14. All stages are drawn to the same scale.ow surrounds the embryo. s
Copyright © 2001 by Academic Press. All rightStage 10: Prototroch formation (36 h). The prospective
rototroch cells produce the prototrochal girdle (precursor
ells to the prototroch) that is first visible on the ventral
ide of the embryo and differentiates in a dorsolateral
irection around the embryo (Okada, 1988).
Stage 11: Hatched trochophore (54 h). The trochophore
igests its way through vitelline envelope, and the larvae
re sedentary upon hatching. The eyespots, the prototroch,
nd the dense yolk-filled gut are clearly visible morphologi-
al traits (see Fig. 2a).
Stage 12: Hovering trochophore (71 h). Trochophore
arvae at this stage are capable of hovering along the bottom
f the dish. The ciliated prototroch and telotroch organs are
isible and the endodermal yolk mass is retracting from the
o metamorphosis. All views are indicated except anterior is to thetion tides of the larvae as the larval gut differentiates (see Fig.
s of reproduction in any form reserved.
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480 Werbrock et al.2b). The trunk appears segmented for the first time at this
stage.
Stage 13: Lecithotrophic trochophore (95 h, 4 day). The
lecithotrophic larvae are fully pelagic. The prototroch, te-
lotroch, and eyespots are easily identifiable features and the
gut is becoming morphologically distinct as the dense yolk
mass shrinks toward the center of the embryo (see Fig. 2c).
Stage 14: Metamorphosis (168 h, 7 day). The nonfeed-
ing trochophore larvae will remain pelagic for approxi-
mately 3 more days until it is competent to settle in mud,
where it undergoes metamorphosis into a juvenile worm
(see Fig. 2d).
Cloning
The Capitella hunchback (Cc-hb) gene was isolated from
Capitella capitata genomic DNA by PCR amplification
using degenerate primers designed to amplify a 177-bp
fragment. This region corresponds to the most conserved
region of the 59 C2H2 zinc-finger domain of hb (Fig. 3).
FIG. 2. Staging of Capitella trochophore larvae after hatching (sta
nd ventral is up in (a) and (b) and toward the top of the page in (c)
he vitelline envelope. The two eyespots and the prototroch are m
ies adjacent to the trochophore epithelium. (b) Stage 12 (71-h AEL
he prototroch, telotroch, and eyespots are clearly visible and th
ecithotrophic larvae are fully pelagic and segmentation is visible.
eveloping gut. e, eyespots; i, intestine; mg; midgut; pr; prostomiuFragments of the expected length were cloned into Blue-
Copyright © 2001 by Academic Press. All rightscript KS(1) and sequenced. The same procedure was per-
formed with two other polychaete species, Chaetopterus
(Ch-hb) and Ctenodrilus serratus (Cs-hb). The Cc-hb,
Ch-hb, and Cs-hb sequences have been deposited in the
GenBank database and their accession numbers can be
found in the Fig. 3 legend.
The conceptual translation of the annelid hb fragments
shared at least 69% amino acid sequence identity with the
corresponding zinc-finger region in the Drosophila hb gene
(Fig. 3). The corresponding hb sequence obtained from
everal polychaetes shared at least 88% amino acid se-
uence identity with the two leech hb fragments from the
ZF1 and LZF2 genes, and the sequence identity shared
etween polychaete hb fragments is at least 91%. The
equence comparisons show a high degree of shared identity
ithin the 59 zinc-finger domain of annelid hb homologues.
Cross-Species Reactivity
The strategy, production, and characterization of the
) to metamorphosis (stage 14). Anterior is to the right in all images
d). (a) Stage 11 (54-h AEL) trochophore shortly after hatching from
logically distinct but the larvae are sedentary. The yolk-filled gut
chophore is capable of moving slowly along the bottom of a dish.
lk-mass has retracted toward the center of the embryo. (c) The
venile worm 4 days after metamorphosis. The asterisks mark the
t, prototroch; s, stomadeum; tt, telotroch. Scale bar, 50 mm.ge 11
and (
orpho
) tro
e yo
(d) Juleech hunchback (LZF2) polyclonal antibody were de-
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481A Polychaete hunchback Orthologscribed in Iwasa et al. (2000). The LZF2 polyclonal antibody
ecognizes the hb peptide (LZF2) in different leech species
not shown) in addition to hb-like gene products in
olychaetes. Two pieces of data suggest that the LZF2
ntibody recognize hb-like protein in Capitella. Bacteria
ere induced to express 59 zinc-finger hb fragments from
eech and Capitella. The leech 389-bp fragment called leech
LZF2 short” (Lzf2s) corresponded to the conserved 59 LZF2
inc-finger domain with an expected molecular mass of 24
Da. The Capitella hunchback (Cc-hb) 177-bp fragment
ncodes a 59-amino-acid peptide fused to a 6x His tag with
n expected mass of 13.5 kDa. Both peptides were recog-
ized by LZF2 antisera, which was affinity-purified to LZF2
rotein (Fig. 4a). Secondly, we generated an affinity-purified
ZF2 antibody against the Cc-hb peptide itself. The Cc-hb
eptide was immobilized onto a nitrocellulose membrane,
ncubated with LZF2 antisera, and washed. Eluted Cc-hb
ntibody recognized the leech 59 zinc-finger peptide ex-
ressed in bacteria (Fig. 4b) and the staining patterns in both
apitella (Fig. 4c) and leech (not shown) matched the
taining patterns obtained with LZF2 antisera that was
ffinity-purified to leech hb protein. Together, these data
uggest that LZF2 antiserum is likely to be a cross-species
ntibody capable of labeling other annelid hb homologue
ene products. The cross-species LZF2 antibody failed to
ecognize the hb protein in Drosophila blastoderm embryos
not shown), and it is not known whether Capitella have
ne or more hb homologues.
Cc-hb Accumulates in the Nuclei of All Cells
during Cleavage
The spatial and temporal expression patterns of Cc-hb
protein were characterized by using the cross-species LZF2
antibody. There was no staining in immature, yolk-filled
oocytes (Fig. 5a); however, prior to egg deposition, the
germinal vesicle expresses Cc-hb intensely (Fig. 5b). The
time course of Cc-hb protein accumulation during oogen-
esis has not been characterized. At 1 h (Fig. 5c) after egg
FIG. 3. Alignments of inferred amino acid sequences of annelid h
wo leech species: Helobdella triserialis (Ht-LZF2: X91395), Hel
F17707), and three polychaete species: Capitella capitata (Cc-hb:
Ch-hb: AF17705). The LZF1 gene shows little or no expression du
hared amino acid residues. The arrows indicate residues involve
accession numbers are listed above in parentheses.laying (AEL) and continuing through second cleavage, t
Copyright © 2001 by Academic Press. All rightc-hb protein accumulates in the nuclei of all four blas-
omeres (Fig. 5e). No specific staining was observed in the
olar lobes that form at first and second cleavage (Fig. 5f),
or in the control embryos where primary antibodies were
mitted from the staining procedure (Fig. 5g).
Cc-hb is expressed in every micromere and macromere
ell from the 4-cell to 64-cell (stage 7) embryo. At each
ivision, Cc-hb staining is observed within minutes after
ytokinesis is completed, and is maintained at high levels
hroughout the cell cycle. The only detectable decrease in
uclear Cc-hb expression occurs between M-phase (see
pindles in Fig. 6c) and when it is associated with the
pindle. At third cleavage, the 1a and 1b micromeres are
orn simultaneously and weakly express the antigen at
irth (Fig. 6a), but, within minutes, Cc-hb protein rapidly
ccumulates in their nuclei (Fig. 6b). This pattern continues
hrough the next three cleavage divisions (Figs. 6c and 6d).
Cc-hb Expression during Larval Organogenesis
Most cells in the Capitella embryo express Cc-hb protein
from the 64-cell stage until gastrulation is complete at stage
9 or 28 h AEL. There is a small percentage (,5%) of the
total number of cells in stereoblastula and gastrula embryos
that fail to express Cc-hb protein, but the identity of the
unstained cells varied between individuals, most likely as a
result of developmental asynchrony. For example, in the
stereoblastula shown in Fig. 7a, two of the seven blas-
tomeres did not exhibit nuclear Cc-hb protein at the time of
fixation. However, Cc-hb expression is observed in all
vegetal blastomeres in a sibling embryo (Fig. 7b) from the
same batch. The asynchronous cell cycles between sibling
embryos are likely due to the time it takes the mother to lay
its embryos, which can last between 15 and 30 min,
depending on batch size. Once the embryos are laid and
exposed to seawater in the brood tube, development is
initiated.
The vegetal blastomeres of Capitella are large, yolk-filled
ells that occupy an internal position within the stereoblas-
ologues compared to Drosophila hb. 59 zinc-finger domains from
lla triserialis (Ht-LZF1: X91396), Helobdella robusta (Hr-LZF2:
7708), Ctenodrillus serratus (Ct-hb: AF317706), and Chaetopterus
leech embryogenesis (Savage and Shankland, 1996). Dashes reflect
forming the C2H2 structural motif of zinc-fingers. The GenBankb hom
obde
AF1
ring
d inula embryo, and, as a result, there is only a slight invagi-
s of reproduction in any form reserved.
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482 Werbrock et al.nation at the blastopore. The primary morphogenetic move-
ment of gastrulation is the spreading or epiboly of the
ectoderm over the endoderm cells towards the prospective
ventral midline of the embryo. At midgastrulation, cells
that express Cc-hb protein most intensely line the leading
edge of the ectoderm undergoing epiboly (Fig. 7c, see
FIG. 4. Evidence for the cross-species reactivity of the LZF2
antibody to Cc-hb. (a) Immunoblot of LZF2 short peptide (LZF2s)
and Capitella hb fusion peptide (Cc-hb) with LZF2 antisera. Anti-
body affinity-purified to LZF2 binds LZF2s peptide (24 kDa) and the
Cc-hb peptide (13.5 kDa). A higher molecular mass protein also
stains in westerns. (b) Immunoblot of LZf2s peptide binding to the
LZF2 antisera which was affinity-purified to the Cc-hb peptide. (c)
The Cc-hb affinity-purified antiserum binds to Cc-hb protein
localized to the nucleus (asterisk) of stage 6 whole-mount Capitella
embryo. Treatment of whole-mount fixed embryos with HRP-
conjugated secondary antibody did not show nonspecific staining
(see Fig. 5g). Scale bar, 50 mm.arrowheads). The cells at the leading edge of the surface A
Copyright © 2001 by Academic Press. All rightpithelium continue to express nuclear Cc-hb until blas-
opore closure. Once gastrulation is complete, there is a
apid down-regulation of Cc-hb protein from most cells in
he overlying epithelium. For the first time in Capitella
evelopment, Cc-hb begins to be expressed in discrete
patio-temporal patterns in different tissues along the AP
xis of the embryo.
Most polychaete trochophore larvae possess multiple
ings of ciliated epithelial cells used for locomotion and are
amed according their position along the AP axis. One such
tructure is the prototroch, which separates the nonseg-
ented prostomium from the trunk. The developing pro-
otroch is the first organ in the young trochophore or
rotrochophore that can be visualized at the morphological
evel within 6 h after gastrulation (36 h AEL, stage 10). A
econd ciliated band, the telotroch, is located more poste-
iorly and separates the nonsegmented posterior region, the
ygidium, from the rest of the embryo. In fixed and stained
tage 10 embryos, Cc-hb-expressing cells are located in the
resumptive prototroch and telotroch regions (Fig. 7d, dor-
al view). There are also other groups of Cc-hb-expressing
ells located throughout the trochophore epithelium, in-
luding cells that will give rise to the stomadeum (Fig. 7e,
entral view) or foregut, which include the pharynx and
nterior part of the esophagus. The immunoreactive epithe-
ial cells cluster at the surface at the prospective mouth
egion and within a few hours they appear to become
nternalized (Figs. 7f and 7g). In his review, Anderson (1973)
escribed how the precursor stomodeal cells first aggregated
t the surface and subsequently migrated internally below
he surface epithelium to form a tube in front of the
resumptive midgut at the ventral midline. Our data are
onsistent with Anderson’s description of foregut develop-
ent in annelids.
The remaining regions of the gut are derived from the
idgut rudiment that is comprised of the crop (stomach)
nd intestine. At 41 h AEL, nuclear Cc-hb protein is
xpressed in the hollow midgut rudiment and in the pro-
enitor cells of the hindgut (rectum and anus) located
djacent to and within the pygidium (Figs. 7f and 7g).
utside the gut tube, Cc-hb-expressing cells are located on
he surface of the yolk mass in the ventrolateral regions of
he embryo (Fig. 7g). The immunoreactive cells appear to
pread toward the ventral midline and eventually surround
he large yolk mass (Fig. 7h). The position of these cells is
onsistent with prior descriptions of midgut development
Anderson, 1966, 1973); however, individual cell-labeling
echniques need to be developed for these late stage em-
ryos to confirm these observations and prior studies.
inally, there is a noticeable absence of Cc-hb protein
xpression in the posterior growth zone where trunk seg-
ents of the juvenile are believed to be added in a serial
ashion. Although the identity of the teloblastic stem cells
re not definitively known in polychaetes, most agree that
hey are located in the posterior–lateral region just anterior
o the pygidium and adjacent to the endoderm (Fig. 7g;
nderson, 1966; Okada, 1988; Irvine and Martindale, 2000).
s of reproduction in any form reserved.
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483A Polychaete hunchback OrthologCc-hb expression is maintained in the midgut epithe-
lium, stomadeum, prototroch, and prostomium until the
trochophore hatches from the vitelline envelope at 54 h
AEL (Figs. 7h and 7j). At 71 h AEL, larvae are pelagic and
clearly show the first signs of segmentation. In less than
17 h from the time of hatching, at least 11 segments appear
rapidly in the trunk of the larva. Growth of the segmented
trunk is initiated at the ventral plate and proceeds dorsally
until the larval epithelium is completely replaced by juve-
FIG. 5. Immunolocalization of Cc-hb antigen during Capitella
visualization. (a) Immature oocytes did not express detectable levels
in the germinal vesicle of mature oocytes prior to egg deposition (b
immature oocyte (a). Down-regulation of Cc-hb expression begins
levels following first cleavage (d). By stage 3, all four nuclei strongly
an unstained polar lobe (p). Stage 3 control embryo showing yolk-
shown), or preimmune (not shown) antibodies were omitted. Scalenile body wall following dorsal closure. From stage 12 until 7
Copyright © 2001 by Academic Press. All righthe trochophore larvae are released from the brood tube 4
ays later, Cc-hb expression is observed in the mouth,
rostomium epithelium, pygidium epithelium, prototroch,
elotroch, and in the presumptive neurotroch which will
ifferentiate into a midventral band of ciliated epithelial
ells (Figs. 7k and 7l). Following metamorphosis, Cc-hb is
ost intensely expressed in a bilateral pair of neurons in at
east the first six segmental ganglia starting with the
ubpharyngeal ganglion of the adult polychaete CNS (Fig.
y cleavage using HRP-conjugated secondary antibody and DAB
e peptide in the germinal vesicle (arrow), but staining was observed
e nucleolus can been seen in the unstained germinal vesicle of the
g the first cell cycle (c), and Cc-hb is at its lowest but detectable
for nuclear Cc-hb (e). A vegetal view of a four-cell embryo (f) shows
uclear regions that do not stain when primary (g), secondary (not
100 mm.earl
of th
). Th
durin
stain
free nm). There are other neurons that express Cc-hb protein but
s of reproduction in any form reserved.
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484 Werbrock et al.at lower levels (not shown). The Cc-hb pattern in the
posterior–ventral nerve cord and in the cerebral ganglion is
not known because those regions of the cord are particu-
larly difficult to dissect intact given their location and stage
of development.
DISCUSSION
Pattern formation is best understood in Drosophila where
radients of segmentation gene products provide positional
nformation to nuclei located along the AP axis within an
mbryonic syncytium. The gap segmentation gene hb en-
odes a C2H2 zinc-finger transcription factor that plays an
mportant role in AP patterning in flies. The hb protein
roduct is distributed in a gradient in the anterior half of the
mbryo and functions as an anterior organizer by control-
ing the expression of other segmentation genes and Hox
enes. Comparative molecular data of segmentation gene
rthologs in other insects suggest that they can function in
cellular context (Rohr et al., 1999; Patel, 2000), which led
FIG. 6. Immunolocalization of Cc-hb through sixth cleavage. All
to express the antigen in all nuclei of the 32-cell (c) and 64-cell emb
33258 to visualize nuclei in the embryo (arrowhead). Every macromo the possibility that they may play similar roles in other
Copyright © 2001 by Academic Press. All righthyla such as annelids. The expression patterns of gap
egmentation genes in two annelid classes (Savage and
hankland, 1996; Iwasa et al., 2000; this report) do not
upport this hypothesis, however. Instead, hb ortholog
xpression patterns in annelids suggest that they are not
nvolved in AP segmental pattern formation in a manner
omparable to that of hb in flies.
Cc-hb Expression: Embryonic Phase
This report describes the first detailed expression pat-
terns of a segmentation gene ortholog in polychaetes and
the first molecular marker to be expressed in the prelarval
embryo. Capitella hb (Cc-hb) is expressed during oogenesis,
cleavage, gastrulation, and in various developing organ
systems. Cc-hb protein, which is initially absent in small,
vitellogenic oocytes, accumulates in the germinal vesicle at
later stages of oogenesis. Present data are insufficient to
determine the exact time course of Cc-hb protein accumu-
lation in oocytes. Shortly after egg deposition, the zygotic
nucleus of stage 1 uncleaved embryos expresses Cc-hb
ei of the 8-cell embryo (stage 4) express Cc-hb (a, b) and continue
). The inset in (a) is a 16-cell embryo counterstained with Hoescht
and micromere nuclei stain for Cc-hb protein. Scale bars, 50 mm.nucl
ryo (dprotein intensely. By the end of the first cell cycle and
s of reproduction in any form reserved.
485A Polychaete hunchback OrthologFIG. 7. Cc-hb protein distribution during Capitella organogenesis. (a, b) Vegetal view of sibling stereoblastula embryos showing that not
all cells express nuclear Cc-hb protein in one embryo (a); however Cc-hb expression is observed in all vegetal blastomeres in a sibling
embryo (b). (c) The arrowheads mark the leading edge of the epithelium undergoing epiboly in a midgastrula stage embryo (vegetal view).
(d) Cc-hb protein can be seen in the presumptive prototroch and telotroch cells and in the larval epithelium (arrowhead) in the 34-h AEL
embryo (dorsal view). Cc-hb continues to be expressed in the prototroch and telotroch cells until metamorphosis. (e) Ventral view of the
same 34-h AEL embryo shows Cc-hb expression in the developing stomadeum. There are also immunoreactive cells in the prostomium and
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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486 Werbrock et al.continuing into second cleavage, there is a qualitative
decrease in Cc-hb protein expression. We suggest that the
gradual loss of Cc-hb protein is likely due to the turnover of
maternal stores of Cc-hb mRNA and protein, although the
iming of the zygotic activation of the genome remains to
e determined in Capitella. By the end of the 4-cell stage,
uclear Cc-hb protein is intensely expressed in all four
acromeres. This increase in staining is consistent with
he onset of zygotic transcription in leech which occurs, at
he very latest, at the birth of the 1 d micromere cell
Bissen, 1995).
There are two significant class-specific differences in hb
ortholog expression between polychaetes and leeches in the
embryonic phase. First, in Capitella, Cc-hb protein accu-
ulates in every micromere and macromere nucleus in
mbryos from egg deposition to sixth cleavage. In leech,
ZF2 protein is expressed in micromere cells only and is
ot detected in the macromere cells during cleavage (Iwasa
t al., 2000). We cannot discern from the data whether
c-hb expression was up-regulated in the Capitella macro-
ere cells or down-regulated in leech in the evolution of
nnelid hb gene regulation. Alternatively, there may be two
or more Capitella hb homologues with overlapping and/or
nonoverlapping expression patterns, where one Capitella
hb homologue may be restricted to the micromere cells
while the other may be restricted to the macromere cells.
The existence of two hb paralogs, LZF1 and LZF2, in leech
suggests that the hb ortholog was duplicated in annelids,
possibly before the divergence of the leeches and
polychaetes.
Secondly, the temporal but not spatial regulation of hb
ortholog expression differs in the micromere cell cycle
between the classes. In Capitella, Cc-hb protein expression
is initiated soon after a cell’s birth and is maintained at a
steady level through each cell cycle in all micromeres (Figs.
5 and 6). Cc-hb does not appear to be cell cycle-dependent as
has been described for leech (Iwasa et al., 2000). In leech,
LZF2 protein is generally expressed within a few minutes of
a micromere cell’s birth, but it does not persist throughout
pygidium (not shown). (f, g) Different focal planes of the 41-h AEL e
the stomadeum, prototrochal girdle, and the prostomium. The stai
of cells that are positioned parallel to the AP axis and in the mos
telotroch and pygidium cells at this stage are not shown. Cc-hb p
believed to be located (asterisks). (h) At hatching (stage 11), the mos
view), stomodeum, prototroch, telotroch, and the gut epithelium. T
from their lateral position in the embryo toward the ventral midl
stained (arrow) and nuclei free of Cc-hb protein (arrowhead). The an
Cc-hb protein because the nuclear dye is not obscured in all cells
expression patterns are similar in stage 12 and stage 13 embryos
pygidium and prostomium (k) and in the developing neurotroch cel
arrow in (l) marks the developing hemiganglion of the ventral nerv
is most intensely expressed in a bilateral pair of neurons (arrowhea
in (d–g) and (j–m). e, eyespots; ge, gut epithelium; mg, midgut; m, m
telotroch. Scale bar, 100 mm, except in (m), which is 50 mm.
Copyright © 2001 by Academic Press. All rightthe entire cell cycle. The transient LZF2 expression pat-
terns continue at each division cycle in every micromere,
and resemble the fluctuating patterns of expression of the
cell cycle control gene cdc25 in leech (Bissen, 1995).
Cc-hb Expression: Organogenetic Phase
From blastula stage to the juvenile stage, the hb ortholog
xpression patterns are similar between the two annelid
lasses. In stereoblastula and gastrula embryos of Capitella
stage 7), a majority of micromere-derived epithelial cells
xpresses Cc-hb protein. By the end of gastrulation, the
mmunoreactive epithelial cells have moved circumferen-
ially around the embryo to surround the large endodermal
ells in a process called epiboly (Anderson, 1966, 1973).
nce epiboly is complete, the surface epithelium forms the
arval epidermis and only a subset of these larval epithelial
ells express nuclear Cc-hb protein (Fig. 7d). The down-
egulation of Cc-hb expression in the epithelium shortly
fter gastrulation coincides with the beginning of organo-
enesis in the protrochophore. After the embryo hatches
rom the vitelline envelope, the larval epithelium is re-
laced by the juvenile body wall that is generated from a
rowth zone located at the ventral plate. The juvenile
pithelium then progresses dorsally until body wall closure
t the dorsal midline. In the juvenile trunk epithelium, the
ost intense expressing Cc-hb cells are localized to the
eveloping neurotroch and mouth region (Fig. 7l). In addi-
ion, Cc-hb immunoreactive cells maintain expression in
he pygidium and prostomium epithelial regions (Fig. 7k).
The micromere-derived epithelium in leech called the
rovisional epithelium also undergoes epiboly (Smith et al.,
996) similar to its larval counterpart in polychaete. In
eech, the provisional epithelium covers the embryonic
issue that will give rise to the segmented trunk of the adult
Ho and Weisblat, 1987; Iwasa et al., 2000). The provisional
pithelium in leech expresses LZF2 protein during morpho-
enesis and, like the larval epithelium of the trochophore, is
temporary epithelium that will entirely be replaced by the
o. Cc-hb protein is localized to the tube of the developing midgut,
in the outer layer of midgut epithelium is localized to two stripes
eral regions of the embryo (arrowheads). The staining patterns in
is not detected in areas where the segmental precursor cells are
inent Cc-hb staining is localized to the prostomium (see j, animal
c-hb-expressing cells in the developing gut epithelium have moved
rrowheads in h). (i) Dorsal view of stage 11 embryo shows Cc-hb
dy staining also indicates that not all trunk epithelial cells express
clei were counterstained with Hoechst 33258 (i, k, l). The Cc-hb
highest areas of staining can be found in the epithelium of the
ated along the ventral midline of the lecithotrophic larvae (l). The
d. (m) Staining of the nerve cord in adult Capitella. Cc-hb protein
the subesophageal and midbody ganglion. Anterior is to the right
h; pygidium, pg; pr, prostomium; pt, prototroch; s, stomodeum; tt,mbry
ning
t lat
rotein
t prom
he C
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487A Polychaete hunchback Orthologadult cuticle following dorsal closure. Like Cc-hb in
polychaetes, there is no LZF2 protein expression in the
juvenile cuticle of the trunk after dorsal closure in leech
except in the epidermal cell florets (Savage and Shankland,
1996). The shared annelid hb expression patterns in the
micromere-derived epithelium supports the idea that the
provisional epithelium is a remnant larval structure in
leech and that annelid hb genes are expressed in the
temporary epithelial cells that also undergo epiboly during
gastrulation.
Anatomical studies of metamorphosis of polychaete lar-
vae have shown that the cerebral ganglion, foregut, and
midgut are larval organs that remain following metamor-
phosis into the juvenile polychaete (reviewed in Anderson,
1966, 1973). One would expect in the direct development in
leech that all trochophore-specific structures such as the
trochal ciliated bands would be lost except those structures
that are retained in the juvenile polychaete. The expression
patterns of annelid hb orthologs in the foregut and midgut
in leech (Savage and Shankland, 1996; Iwasa et al., 2000)
and corresponding structures in the foregut and midgut of
polychaete larvae (Fig. 7) support our current understanding
of this transition in life history. In leech, LZF2 protein is
expressed in a ring of surface epithelial cells which correlate
with the location of the prospective mouth in the protos-
tomial region of a germinal plate stage embryo (stage 8), but
the expression is lost by the following stage (Iwasa et al.,
2000). In late organogenesis embryos (stage 10), LZF2 ex-
pression is observed in the foregut-derived proboscis sheath,
the anterior midgut constrictions that delineate the crop,
and in the posterior midgut and hindgut regions which
include the intestine, rectum, and anus (Savage and Shank-
land, 1996; Iwasa et al., 2000). In both annelid classes, hb
orthologs are expressed in the developing foregut, midgut,
and hindgut gut epithelium. However, there is one signifi-
cant temporal difference in expression patterns in the
developing gut tube between leech and polychaete. In
Capitella, Cc-hb protein is expressed in the protrochophore
gut epithelium prior to any visible signs of its differentia-
tion into its component parts. In leech, LZF2 is expressed
later after the gut tube begins to differentiate into morpho-
logically distinct regions. Finally, annelid hb orthologs are
expressed in a subset of neurons in the adult CNS (Iwasa et
al., 2000).
The expression patterns between annelid hb orthologs are
more similar to one another than initially expected, con-
sidering the specialized features of the leech body plan. In
both leech and polychaete, hb-like protein is expressed
maternally and later in the micromeres, the micromere-
derived temporary epithelium, the developing gut epithe-
lium, and the ventral nerve cord. The class-specific differ-
ences in expression are generally found in postembryonic
epithelial structures such as the cell florets in leech (Savage
and Shankland, 1996) and the ciliated trochal bands in
polychaete larvae, although the macromere nuclear stain-
ing in Capitella during cleavage is one early notable differ-
ence. Unlike hb in Dipteran insects, annelid hb orthologs
Copyright © 2001 by Academic Press. All rightand the nematode hb ortholog (hbl-1) are not expressed in a
gradient at any time, nor are they expressed in the trunk
ectoderm or mesoderm at the time of AP patterning. These
data suggest that the anterior organizing function of hb is
likely to have originated within the arthropod or insect
lineage.
The pattern of annelid hb expression in the temporary
epithelium prior to organogenesis and later in the ventral
nerve cord correlate with a subset of zygotic expression
patterns of the hb gene in insects and the hbl-1 gene in
nematodes. In all three phyla, the hb orthologs are ex-
pressed in the developing CNS as are most, if not all, of the
segmentation gene orthologs studied to date. Fly hb is also
expressed in the extraembryonic epithelium called the
amnioserosa (Tautz, personal communication) and in the
evolutionary related serosa of more basal insects (Wolff et
al., 1995; Rohr et al., 1999; Schmidtt-Ott, 2000). The
function of hb in the amnioserosa or the serosa is currently
unknown, but the amnioserosa tissue has been shown to
play a role in fly morphogenesis (Frank and Rushlow, 1996;
Lamka and Lipshitz, 1999). Similarly the nematode hbl-1
gene is expressed in the epithelial (hypodermal) precursor
cells before organogenesis and when hbl-1 transcripts are
removed from the hypodermal precursor cells via RNAi, the
embryo fails to elongate (Fay et al., 1999). In all three phyla,
hb orthologs are expressed in temporary epithelium at the
time important morphogenetic events are taking place, but
only in nematodes is there a direct correlation of hbl-1
function and normal morphogenesis. Functional studies of
hb function in the amnioserosa in flies, and its orthologs in
the serosa of nondipteran insects like Tribolium, and in the
temporary (larval) epithelium of annelids are required to
determine what role temporary epithelial cells play, if any,
in body plan morphogenesis.
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